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US clean energy 
goals: 
■ reduce carbon 
emissions 50-52% by 
2030
■ produce 100% clean 
energy by 2035









Source: UNEP Emissions Gap report (2018) 
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Research opportunities identified in the National Academy of Science 
2019 report on NETs: Improve NETS, make progress on DAC and carbon 
mineralization, advance NETs enabling biofuels and sequestration
We are talking about processing a tremendous 
amount of air…
Frontiers in Climate 1 (2019): 10.
~410 ppmv -> 0.0623% by mass CO2 in atmosphere
We have 3,208 Gt CO2 in the atmosphere
1 ppmv ~ 2.1 Gt C -> ((410.28-350)*2.1357) ~
129 GtC or 473 GtCO2 we have to remove to 
stabilize
473/3208 => We need to eventually process ~15-16% 
of earth’s atmosphere if only using DAC
Median BECSS deployment for 2° : 3.3 Gt-C/y in 2100
Setting DAC to this, we get 
129/3.3 gives us 39 years or ~0.4% of atmosphere per 
year
(For CA ~ 15-29 MtC/yr by 2045 for state targets) 
~56-106 Megafacilities
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~156 EJ/y to power DAC… we need dedicated renewables
Source: Nature climate change 6, no. 1 (2016): 42-50.
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Source: Shi et al. Angewandte Int. Ed. 2020
Addressing fundamental materials challenges for DAC
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System 1: DAC & energy provision
Entropy penalty for unmixing CO2 leads to increased minimum work for dilute 
mixtures such as air
Minimum Work Required for CO2 Capture
Source: Siegelman, Kim, Long, 2021
Cooperative Adsorption
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(a) cooperative adsorbents and (b) adsorbents of the type currently 
used for DAC exhibiting Langmuir adsorption
Also showing stability to numerous cycles in presence of humidity
Source: Siegelman et al J. Am. Chem. Soc. (2017)
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To reach IPCC goal:
Large-scale plant (1 MtCO2/yr) -> 30,000 UNITS
Modular design (900 tCO2/yr) ->         33 million UNITS
Pros and cons of central vs distributed












Source: Supekar & Skerlos 2014 
EXISTING CO2 SUPPY AND DEMAND
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Pitfall 1. Utilized captured CO2 is often considered a negative GHG 
emission
HOW TO FIX: Treat captured CO2 like any product with a life cycle.
• Determine the upstream emissions associated with CO2 capture.












C is NOT the 
reduction compared 










Pitfall 2. If CO2 capture and utilization generates products, then emissions 
need to be allocated among these products.
HOW TO FIX: determine the most appropriate allocation method for a 
multi-functional life cycle (the system makes more than one product i.e. has 
more than one function)
• everything evaluated for the two products
• emissions are reduced by 59%
System expansion method (arguably the safest approach but data intensive):
Source: Von der assen 2013
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Source: Von der assen 2013
Estimating carbon 
credits is trickier.
• can give negative 
values 
• hard to do in 
practice as multiple 
companies usually 
involved
Recommend to use 
economic value of 
products as a means of 
weighted allocation of 
credits
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X <=139 kg to generate 1000 kg of methanol with lower carbon intensity than 
SMR! (not including captured CO2 credits)
The CO2 in the methanol gets emitted vs geologic sequestration : 
~ 1375 – X – CO2injection
Source: Von der assen 2013
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Ethanol Refineries (~0.5 MtCO2/yr) ~ 
8000 UNITS to reach IPCC BECCS goal
Hydrogen from biomass can play a critical role in CA reaching neutral 
emission by 2045
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Getting to Neutral. LLNL 2020
California has a lot of organic waste: 
















Processor Low Moisture Solids
Animal Bedding
*MSW: municipal solid waste
Breunig et al. 2018 RCR
(thousand BDT/yr)
Coupling waste with 
technology
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Breunig et al. 2019 ES&T
biositing.jbei.com
■ Over 70,000 waste feedstock points
■ 125 types of waste, defined by:
– baseline disposal pathway
– acceptability at facilities
– methane and/or syngas yield
LBNL Organic Facility Investment Model (ORFI)
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Source: Yang et al. 2020 ES&T
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■ Without policy support: burn the biogas on-site for CHP
■ With RINs only: upgrade the biogas to renewable CNG for transportation
■ With RINs + LCFS, capture all CO2 streams for sequestration/utilization
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When to use and when to sequester
CARB 2020: ~30-80 MtCO2/year of CO2 removal to mitigate remaining gross 
emissions and achieve carbon neutrality by 2045
■ As of 2020 there are 5 CCS projects in development in California ~2.5 MtCO2/year
– All co-located with storage




■ 1-5 GtCO2 in oil and gas basins and 30-420 GtCO2 in saline 
aquifers
Source: Energy Futures Initiative and Stanford University 2020
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System : Basalt (~70 kgCO2/m3)
CO2(aq) + H2O = H2CO3 = HCO3- + H+ = CO32- + 2H+
(Ca, Mg, Fe)2+ + CO2 + H2O = (Fe, Ca, Mg)CO3 + 2H+
further reactions help drive calcination by consuming H+
Olivine: Mg2SiO4 + 4H+ -> 2Mg2+ + 2H2O + SiO2(aq)
Plagioclase: CaAl2Si2O8 + 2H+ + H2O -> Ca2+ + Al2Si2O5(OH)4 
Source: Gislason & Oelkers 2014
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■ California review process for infrastructure projects 
(CEQA) more stringent than NEPA
■ No two CCS projects are likely to be the same, making it 
hard to standardize the process
■ All projects in development do not require CO2 transport
Source: Energy Futures Initiative and Stanford University 2020
■ Develop consortium/partnership either with other states or 
regions
■ Develop standards for permitting and regulating carbon 
negative projects and CO2 reservoirs
■ Breakthrough technologies needed to develop products from 
CO2 capture from bioenergy production
Logistics gaps:
■ BECCS limited by available biomass & geologic carbon 
sequestration (GCS)
■ DAC limited by available, non-productive/protected land and 
geologic carbon sequestration
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Coupling energy intensive processes with 
low-carbon energy
Coupling intermittent renewables 
with steady energy demand
Replacing thermo-chemistry with electro-
chemistry for low-carbon manufacturingIdentifying gaps in infrastructure to 
move/store gigatonnes of CO2












need for benchmarking progress and setting targets for technology 
development based on high impact deployment scenarios
Q&A Session
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Twitter: @hanna_breunig
Email: hannabreunig@lbl.gov
NEW POSTDOC OPENING!
Thank You
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